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Abstract
Here, we have studied how Sox genes and BMP signaling are functionally coupled during limb chondrogenesis. Using the experimental
model of TGF1-induced interdigital digits, we dissect the sequence of morphological and molecular events during in vivo chondrogenesis.
Our results show that Sox8 and Sox9 are the most precocious markers of limb cartilage, and their induction is independent and precedes the
activation of BMP signaling. Sox10 appears also to cooperate with Sox9 and Sox8 in the establishment of the digit cartilages. In addition,
we show that experimental induction of Sox gene expression in the interdigital mesoderm is accompanied by loss of the apoptotic response
to exogenous BMPs. L-Sox5 and Sox6 are respectively induced coincident and after the expression of Bmpr1b in the prechondrogenic
aggregate, and their activation correlates with the induction of Type II Collagen and Aggrecan genes in the differentiating cartilages. The
expression of Bmpr1b precedes the appearance of morphological changes in the prechondrogenic aggregate and establishes a landmark from
which the maintenance of the expression of all Sox genes and the progress of cartilage differentiation becomes dependent on BMPs.
Moreover, we show that Ventroptin precedes Noggin in the modulation of BMP activity in the developing cartilages. In summary, our
findings suggest that Sox8, Sox9, and Sox10 have a cooperative function conferring chondrogenic competence to limb mesoderm in response
to BMP signals. In turn, BMPs in concert with Sox9, Sox6, and L-Sox5 would be responsible for the execution and maintenance of the
cartilage differentiation program.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The formation of cartilage is an essential process during
skeletogenesis in vertebrates. In some structures, such as the
respiratory system and synovial joints, cartilage forms per-
manent skeletal elements. In addition, during embryonic
development, the formation of the endochondral bones is
preceded by the formation of a transitory cartilaginous tem-
plate. The sequence of molecular and morphological events
leading to chondrogenesis has not been fully defined, but the
formation of the chondrogenic aggregates involves changes
in cell shape and growth kinetics, the production of a spe-
cific extracellular matrix, and the expression of adhesion
molecules (see review by Hall and Miyake, 2000). Basi-
cally, two main steps can be distinguished in the onset of
chondrogenesis: condensation and differentiation. During
the condensation stage, the precartilaginous mesenchyme is
segregated into chondrogenic and nonchondrogenic do-
mains. Next in development, the prechondrogenic aggregate
enters into the differentiation stage in which specific extra-
cellular matrix components, such as type II Collagen and
Aggregan, are produced.
* Corresponding author. Fax: 34-942-201903.
E-mail address: hurlej@unican.es (J.M. Hurle).
1 These authors contributed equally to this paper.
R
Available online at www.sciencedirect.com
Developmental Biology 257 (2003) 292–301 www.elsevier.com/locate/ydbio
0012-1606/03/$ – see front matter © 2003 Elsevier Science (USA). All rights reserved.
doi:10.1016/S0012-1606(03)00066-6
The developing limb constitutes a paradigmatic model
for the study of chondrogenesis. During limb development,
the distal mesodermal cells of the progress zone are main-
tained in an undifferentiated and proliferating state under
the influence of FGFs produced by the apical ectodermal
ridge (AER; Martin, 1998). Differentiation into cartilage
occurs when these distal cells become displaced proximally
and lose the influence of the AER. Many different regula-
tory signals are involved in the morphogenesis of the limb
skeleton (Reddi, 1994; Takagi et al., 1998; Cserjesi et al.,
1995; Zhao et al., 1994; Dhordain et al., 1995; Martin et al.,
1995; Ferrari et al., 1995), but Sox genes and BMPs appear
to exert a central role in the control of chondrogenesis.
Sox genes constitute a large family of transcription fac-
tors implicated in many developmental processes and hu-
man congenital diseases. Four members of this family,
Sox9, Sox8, Sox6, and L-Sox5, have been implicated in the
formation of the cartilaginous skeleton (Wright et al., 1995;
Bell et al., 2000; Schepers et al., 2000; Sock et al., 2001).
Sox9 is required for the differentiation of the mesodermal
cell into cartilage (Bi et al., 1999; Akiyama et al., 2002), and
missexpression of Sox9 in the chick limb results in the
formation of ectopic cartilages (Healy et al., 1999). In hu-
mans and mice, haploinsufficiency of Sox9 causes the cam-
pomelic dysplasia syndrome characterized by skeletal
anomalies (Schafer et al., 1996, Wagner et al., 1994; Bi et
al., 2001). In addition, Sox9, L-Sox5, and Sox6 are all
capable of regulating the expression of Type II Collagen and
Aggrecan genes, which are primary structural proteins of
cartilage (Lefebvre et al., 1998; Ng et al., 1997; Sekiya et
al., 2000; de Crombrugghe et al., 2000). In coherence with
these findings, mice deficient in L-Sox5 and Sox6 exhibit
severe chondrodysplasia (Smits et al., 2001). Sox8-deficient
mice show a reduction of the skeletal size (Sock et al.,
2001).
BMPs are multifunctional secreted proteins which signal
through specific receptors. The role of BMPs in chondro-
genesis have been initially deduced by their ability to induce
ectopic chondrogenesis in adult animals (Urist, 1965;
Reddi, 1994). During limb development, several BMPs are
expressed around and into the chondrogenic condensations
and gain-of-function experiments cause a dramatic enlarge-
ment of the cartilages (Macias et al., 1997; Duprez et al.,
1996). Similar results are observed in experiments designed
to induce gain- or loss-of-function of the BMP receptors.
Missexpression of constitutive active type I receptors leads
to increased chondrogenesis, while dominant negative re-
ceptors inhibit chondrogenesis (Zou et al., 1997). The func-
tion of BMPs in limb chondrogenesis is phsyiologically
regulated by Noggin, a BMP antagonist expressed in the
developing cartilages (Brunet et al., 1998; Merino et al.,
1998; Capdevila and Johnson, 1998). Noggin gain-of-func-
tion experiments also lead to inhibition of limb chondro-
genesis (Merino et al., 1998; Capdevila and Johnson, 1998;
Pizette and Niswander, 2000).
While the above described experiments indicate that Sox
genes and BMPs play a key role in the establishment of the
limb cartilaginous primordia, a major question which re-
mains to be clarified is how those different signals are
integrated in the molecular cascade accounting for chondro-
genesis. In an attempt to clarify this question, we have
analyzed the pattern of expression of several genes belong-
ing to the Sox family and to the BMP signaling pathway
during the formation of the chick limb skeleton and their
sequence of activation during ectopic chondrogenesis in-
duced by local application of TGF1 into the interdigital
mesoderm (Gan˜an et al., 1996). In addition, we have per-
formed a variety of experimental approaches to analyze the
interaction between both regulatory pathways. Our findings
suggest that Sox8, Sox9, and Sox10 may confer chondro-
genic competence to limb mesoderm to BMP signals. Later
on, BMPs in concert with Sox9, Sox6, and L-Sox5 would be
responsible for the execution and maintenance of the carti-
lage differentiation program.
Materials and methods
Fertilized chicken embryos (Rhode Island) were incu-
bated at 38.5°C and staged according to Hamburger and
Hamilton (1951).
Induction of ectopic chondrogenesis in vivo and
experimental manipulations of the limb
Chondrogenesis was induced by implantation of beads
soaked in TGF1 into the interdigital mesenchyme of the
leg bud at stage 28 (Gan˜an et al., 1996). For this purpose,
the eggs were windowed at the desired stage and the right
limb bud was exposed. AffiGel blue beads (BioRad) or
Heparin–acrylic beads (Sigma) incubated for 1 h at room
temperature in recombinant TGF1 (R&D Systems) at 2 or
10 g/ml were implanted into the third interdigit of the right
leg bud. After the implantation of the bead, the eggs were
returned to the incubator. The embryos were then sacrificed
at different time intervals during the first 30 h of additional
incubation to perform gene expression studies. To confirm
that chondrogenesis was induced in all embryos, in the
different experimental series, a reduced number of embryos
(3–4) was allowed to develop until day 8.5 or 9 and pro-
cessed for alcian green cartilage staining.
The possible requirement of BMP signaling in the induc-
tion of ectopic cartilages was also analyzed. In a series of
experiments, the potential regulation of apoptosis and genes
associated with the onset of chondrogenesis was studied
following the implantation into the limb mesoderm of beads
incubated in BMP-7 (obtained from Creative Biomolecules,
Hopkinton) at 0.5 mg/ml. These treatments were applied
into undifferentiated interdigital mesoderm or at the tip of
the differentiating digits. In addition, the interactions be-
tween BMPs and TGF1 in the induction of apoptosis or
chondrogenesis were studied by combining treatments with
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beads soaked in TGF1 and BMP7 or Noggin (1 mg/ml;
generously donated by Regeneron Pharmaceuticals Inc.,
Tarrytown).
In all experiments, control beads soaked in PBS were
also implanted. These treatments did not induce changes
either in the normal development of the limb or in the
expression of the genes studied.
Light and electron microscopy
The presence of interdigital cartilages and the skeletal
alterations induced in the different experiments were mon-
itored by whole-mount cartilage staining with alcian green.
The sequential structural changes of the interdigital mesen-
chyme induced to differentiate into cartilage were studied
by light and transmission electron microscopy (TEM) 6, 12,
and 24 h after the interdigital implantation of a TGF1-
bead. The treated interdigital spaces were dissected free,
fixed in 2% glutaraldehyde, postfixed in osmium tetroxide,
and embedded in araldite. For light microscopy, semithin
sections were obtained and stained with toluidine blue. For
TEM, ultrathin sections were stained with lead citrate and
examined with a Philips EM208 electron microscope.
The pattern of cell death was analyzed by vital staining
with neutral red (see Macias et al., 1997) and by Tdt-
mediated dUTP nick-end labeling (TUNEL) in paraffin sec-
tions following the instructions of the manufacturer
(Roche).
Probes
The expression of type II Collagen, type IX Collagen,
Aggrecan, L-Sox5, Sox6, Sox8, Sox9, Sox10; Bmpr1b,
Bmpr1a, BmprII, Gdf5, Noggin, and Ventroptin, were stud-
ied by in situ hybridization. Specific chick probes for these
genes were provided by: J.C. Izpisua-Belmonte and Y.
Kawakami (Aggrecan, type IX collagen); C. Healy and T.
Sharpe (Sox9); A.H. Sinclair (Sox8); W. Upholt (Type II
Collagen); Y. Cheng (Sox10); and L. Niswander (Bmpr1a,
Bmpr1b, BmprII). Gdf5 and Noggin were obtained by RT-
PCR and employed in previous studies (Merino et al.,
1998).
Fragments of L-Sox5 (760 bp), Sox6 (460 bp), and Ven-
troptin (829 bp) chicken genes were obtained by RT-PCR.
First-strand cDNA was synthesized with a mixture of ran-
dom hexamers (Promega) and 1 g of RNA of chick limb
buds between stages 20–26.
The following primers (5 to 3) were used: L-Sox5: 5
primer, 5-ATGAATGCCTTCATGGTGTGG-3, and 3
primer, 5-GGTCTATTWGTCAGCTGATCC-3; Sox6: 5
primer, 5-GTTCATTCCGTCAACAATGG-3, and 3
primer 5-GGATCTGTTCTCGCATCTTCC-3; Ventrop-
tin: 5 primer, 5-GGAATTCCGATGAGAAGAAAGTG-
GAGATCG-3, and 3 primer, 5-GCTCTAGAGCAGAT-
TCACCGTGGGAGTAT-3.
PCRs were performed in a total volume of 50 l by using
Taq DNA polymerase (Gibco BRL). The cycling conditions
were 1 min at 94°C for denaturation, 2 min at 50°C for
annealing, 3 min at 72°C for elongation, and then 10 min at
72°C after the last cycle (35 cycles). The PCR product for
L-Sox5 was cloned into pCRII-TOPO vector (Invitrogen),
and Sox6 and Ventroptin into pGEM T-easy (Promega). The
authenticity of the fragments was confirmed by dideoxy
sequencing. A BLAST search revealed that the PCR prod-
ucts corresponded to fragments of the chicken homologues
of mice L-Sox5 and Sox6 and chicken Ventroptin.
In situ hybridization
In situ hybridization of control and treated limbs was
performed in whole-mount specimens and in tissue sections.
Fig. 1. Induction of ectopic cartilages following the implantation of TGF-
beads into the interdigital mesoderm. (A, B) Experimental autopods stained
with alcian green 20 (A) and 72 h (B) after treatment. By this procedure,
the ectopic cartilage is first identified 20 h after treatment (A), and by 72 h,
the ectopic cartilage achieves the morphology of a jointed ectopic digit (B).
(C–F) The sequence of expression of Type II collagen (C, D) and Aggrecan
(E, F), 12 (C, E) and 24 h (D, F) after the treatment. (G–I) Expression of
Type II collagen (G), Aggrecan (H), and Type IX collagen (I) in normal
limbs at stage 31. Note the relative delayed expression of Type IX collagen
in the digits in comparison with the other matrix components. (J) Lack of
induction of Type IX collagen 30 h after the implantation of a TGF-bead.
(K–P) Light microscopy (K, M, O) and TEM (L, N, P) of the differenti-
ating interdigital mesenchyme 6 (K, L), 12 (M, N), and 24 h (O, P) after
the treatment. The mesenchyme around the bead (indicated by asterisks in
the tissue section) follows a progressive condensation, but clear signs of
cartilage differentiation cannot be identified until 24 h after the treatment
(O, P). Magnification bar for (K, L, and O), 35 m. Magnification bar for
(L, N, and P), 6 m.
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The expression of each gene was studied in at least five
experimental limbs of the same period of treatment. For
whole-mount in situ hybridization, samples were treated
with 10 g/ml of proteinase K for 25–30 min at 20°C.
Hybridization with digoxygenin-labeled anti-sense RNA
probes was performed at 68°C. Reactions were developed
with BM purple AP substrate (Roche). Digoxygenin-labeled
sense RNA probes for every gene analyzed were employed
as controls. For in situ hybridization in tissue sections, we
employed paraffin wax sections (8 m) and radiactive
probes labeled with 35S.
Results
Morphological changes and expression of cartilage
structural genes during ectopic interdigital
chondrogenesis
The sequence of morphological (Fig. 1) and molecular
(Table 1) events of chondrogenesis was analyzed in this
study following implantation into the third interdigital space
of stage 28 leg buds of a bead incubated in 2 g/ml of
TGF1. This treatment caused the formation of an inter-
Fig. 2. Expression of L-Sox5 (A–E), Sox6 (F–J), Sox8 (K–O), Sox9 (P–T), and Sox10 (U–Y) in the developing leg bud. (A–D) Expression of L-Sox5 at stages:
23 (A); 24 (B); 25 (C); and 31 (D). (F–I) Expression of Sox6 at stages 23 (F); 24 (G); 25 (H); and 32 (I). (K–N) Expression of Sox8 at stages: 22 (K); 24
(L); 26 (M); and 31 (N). Note the specific expression of these genes in the prechondrogenic regions of the limb bud from stage 24 forming a loop which
prefigures the skeleton of the stylopod, zeugopod, and tarse. Arrows in (N) indicate the expression of Sox8 in the developing tendons. (P–S) Expression of
Sox9 at stages: 22 (P); 24 (Q); 26 (R); and 31 (S). Note the different pattern of expression of this gene in the prechondrogenic mesenchyme in comparison
with the other Sox genes. (U–X) Expression of Sox10 at stages: 23 (U); 24 (V); 26 (W); and 31 (X). Note the specific expression of this Sox gene in the
developing nerves and in the condensing mesenchyme of the digits. (E, J, O, T, Y) Ectopic induction of L-Sox5 (E), Sox6 (J), Sox8 (O), Sox9 (T), and Sox10
(Y) in the interdigital mesenchyme after the implantation of a TGF-bead (arrows).
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digital cartilage in 100% of the cases (n  40). The aim of
this study was to correlate the expression of Sox and Bmp
genes with the different steps of cartilage maturation.
First evidence of cartilage formation was appreciated by
alcian blue staining 20 h after bead implantation (Fig. 1A).
At this short time interval, the cartilage appeared as a
rounded nodule. In subsequent stages, the cartilage ap-
peared progressively elongated, and by 2 or 3 days, a well-
differentiated jointed digit had developed (Fig. 1B). Molec-
ular evidence of chondrogenic differentiation was explored
by analyzing the expression of type II Collagen, type IX
Collagen, and Aggrecan genes. Accumulation of type II
Collagen and Aggrecan transcripts was detected from 12 h
after the implantation of the bead (Fig. 1C and E). In
subsequent stages, the amount of transcripts of these genes
increased dramatically (Fig. 1D and F). However, expres-
sion of type IX Collagen in the normal developing digits
was considerably retarded in comparison with that of type II
Collagen and Aggrecan (Fig. 1G–I). Accordingly, expres-
sion of type IX Collagen was not yet detected up to 30 h
after the treatment (Fig. 1J).
The morphological changes induced in the mesodermal
tissue by TGF-beads were analyzed by light and electron
microscopy 6, 12, and 24 h after the treatment. By 6 h, the
mesodermal tissue surrounding the bead appeared as a loose
network of stellate cells undistinguishable from the remain-
ing interdigital mesoderm (Fig. 1K and L). As shown in Fig.
1M and N, a condensation around the bead was observed by
12 h after the treatment. At this period, the mesodermal cells
lacked the typical stellate appearance of previous stages and
appeared closely packed. By 24 h (Fig. 1O and P), the
mesodermal tissue around the bead had the morphology of
cartilage. As can be seen in Fig. 1M and N the cells exhib-
ited the characteristic rounded appearance of the chondro-
cytes, and fibrillar and amorphous extracellular matrix was
abundant in the intercellular space.
Expression of L-Sox5, Sox6, Sox8, Sox9, and Sox10
during limb chondrogenesis
All the Sox genes studied here were expressed in the limb
bud mesoderm in a dynamic pattern which prefigures the
appearance of the chondrogenic condensations (Fig. 2).
Three different patterns of expression were distinguished.
L-Sox5 (Fig. 2A–D), Sox6 (Fig. 2F–I), and Sox8 (Fig.
2K–N) exhibited from stage 24 a characteristic loop-shaped
domain of expression that presages the known cartilage
pattern. This domain consisted of a proximal single segment
corresponding to the stylopodial condensation (femur), two
branches for the zeugopodial cartilages, (the anterior thicker
for the tibia and the posterior thinner for the fibula), and a
distal tarsal arch. The digital rays appeared in the next
stages following a posterior-to-anterior sequence (Fig. 2C,
H, and M).
In contrast with the other Sox genes, the expression of
Sox9 in the leg chondrogenic mesenchyme progressed in a
segmental fashion (Fig. 2P–S). At stages 20–21, Sox9 was
expressed in the central mesenchyme of the leg bud (not
Table 1
Graphic representation of the sequence of gene induction after the implantation of a TGF1-bead into the third interdigital space of the leg bud at stage
28
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shown). By stage 22, this domain appeared split into two
longitudinal domains which marked the future position of
the zeugopodial cartilages (Fig. 2P). The zeugopodial do-
main was followed by the sequential appearance of a digital
domain at stage 23–24 (Fig. 2Q) and stylopodial and tarsal
domains at stages 25–26 (Fig. 2R). The digital domain
started in the posterior border of the autopod progressing
anteriorly. Initially, the expression was rather uniform and
limited to the posterior half of the autopod, but in the
following stages, the expression progressed anteriorly and,
at the same time, the digits became identifiable as zones of
higher expression (Fig. 2R).
Different from the other Sox genes, Sox10 was a specific
marker of the developing nerves of the limb bud (Fig.
2U–X). However, from stage 25, well-defined domains of
Sox10 were appreciated in the condensing mesenchyme of
the developing digits (Fig. 2V–X). These digital domains
appeared in a posteroanterior sequence and were progres-
sively associated with the immature cartilage of the distal
growing tip of the digits (Fig. 2X).
From stage 29, the expression of Sox genes was progres-
sively restricted to the distal phalanxes in the course of
differentiation, although Sox9 was maintained for some
time in the prehypertrophic cartilage (Fig. 2S). Sox8 and
Sox10 were characteristically expressed only in the most
distal tip of the differentiating cartilage (Fig. 2N and X).
L-Sox5 (Fig. 2D), Sox6 (Fig. 2I), and Sox8 (Fig. 2N) were
also expressed in the joint-forming regions of the digits.
Sox8 was additionally expressed in the developing tendons
(Fig. 2N).
Induction of Sox genes during in vivo chondrogenesis
In view of the overlapping pattern of expression of the
different Sox genes in the differentiating cartilages, we next
analyzed the kinetics of their induction during the formation
of ectopic digits (see Table 1). Following the interdigital
implantation of TGF1-beads, Sox genes were induced se-
quentially in the mesenchyme surrounding the bead. L-Sox5
(Fig. 2E), Sox8 (Fig. 2O), Sox9 (Fig. 2T), and Sox10 (Fig.
2Y) were all induced in the stage of prechondrogenic con-
densation preceding the appearance of transcripts of type II
Collagen and Aggrecan. Sox8 (4/5), Sox9 (5/5), and Sox10
(4/6) were detected by 1 h after the treatment (Sox9 was
detected in 3 out of 5 experimental limbs as soon as 30 min
after the treatment). L-Sox5 (4/5) was detected 6 h after
interdigital application of TGF-beads. Sox6 (4/6) was in-
duced 12 h after the interdigital implantation of the TGF-
bead (Fig. 2J), coincidently with the appearance of tran-
scripts of type II Collagen and Aggrecan.
BMP-signaling and digit chondrogenesis
Bmpr1b is a precocious marker of the developing digits
(Fig. 3A and B) and from stage 25–26, its expression fol-
lows quite closely that of Sox9 (Figs. 2R and 3B). Noggin
and Gdf5 are also characteristically expressed in the devel-
oping digits (Fig. 3D and E). Thus, to explore whether
activation of BMP signaling in the course TGF-induced
ectopic chondrogenesis mediates the induction of Sox
genes, we analyzed the sequence of activation of the mem-
bers of this signaling pathway in the treated interdigits (see
Table 1). A tenuous domain of Bmpr1b was initially appre-
ciated around the bead 6 h after the treatment (3/8), and the
frequency and intensity of expression increased consider-
ably in the next hours of incubation (14/15; Fig. 3C), Nog-
gin expression was detected by 16 h (4/5; Fig. 3D), and
Gdf5 by 20 h (2/5; Fig. 3E) after treatment. In subsequent
stages of development, Gdf5 exhibited a domain of expres-
sion clearly related with the formation of a joint in the
ectopic digit (5/5; Fig. 3F).
We also explored the possible induction of Bmpr1a and
BmprII genes, but in coherence with the absence of well-
defined domains of these genes in the normal digital rays,
they were not induced by the treatment (not shown).
Expression and regulation of Ventroptin during digit
formation
It has been proposed that the chondrogenic effect of
BMPs is modulated by the coexpression in the developing
cartilages of a BMP antagonist. Noggin was characterized as
the BMP-antagonist expressed in the differentiating carti-
lages (Merino et al., 1998; Capdevila and Johnson, 1998).
However, the relatively late induction of Noggin in the
ectopic digits induced by TGF-beads moved us to explore
the possible presence of other BMP antagonists in the dif-
ferentiating cartilages. We found that the recently discov-
ered BMP-antagonist Ventroptin (Sakuta et al., 2001) is
expressed in more initial stages of cartilage differentiation.
As shown in Fig. 3G, Ventroptin was expressed in asso-
ciation with the differentiating digit cartilages. Furthermore,
Ventroptin was induced in the interdigital spaces 10 h after
the implantation of TGF-beads (4/5; Fig. 3H). This period
followed closely the induction of Bmpr1b and preceded in
6 h the induction of Noggin.
Regulation of Sox genes by BMP-signaling
To assess potential relationships between Sox genes and
BMP signaling, we analyzed the regulation of Sox genes
after increasing or blocking BMP signaling in the leg auto-
pod.
All Sox genes were dramatically upregulated after im-
plantation of a BMP-7 bead at the tip of the digits (Fig.
4A–E), and they were intensely downregulated by similar
treatments with Noggin beads (Fig. 4F–J), indicating that
BMP signaling is physiologically required for the mainte-
nance of the expression of Sox genes in the cartilages.
However, Sox genes were not ectopically induced by BMP-
beads implanted away from the condensing cartilages (not
shown). Possible temporal differences in the response of
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Fig. 3. Regulation of BMP-signaling during digit chondrogenesis. (A, B) Expression of Bmpr1b in normal digits at stages 26 (A) and 28 (B). (C) Ectopic induction
of Bmpr1b 10 h after the interdigital implantation of a TGF-bead (arrow). (D) Ectopic induction of Noggin 16 h after the interdigital implantation of a TGF-bead
(arrow). (E, F) Induction of Gdf5 20 h (E) and 72 h (F) after the interdigital implantation of a TGF-bead (arrow). Note that, although Gdf5 is induced at low levels
by 20 h after the treatment, a clear ectopic domain of Gdf5 is detected by 3 days after the treatment when the joints of the ectopic digit start to differentiate. (G, H)
Normal expression (G) and induction by TGF1 (H) of Ventroptin during the development of the autopod. This BMP-antagonist is expressed in the differentiating
phalanxes and in the joint forming regions of the digits and is ectopically induced 10 h after the interdigital implantation of a TGF-bead.
Fig. 4. (A–E) Upregulation of L-Sox5 (A), Sox6 (B), Sox8 (C), Sox9 (D), and Sox10 (E) after the application of a BMP-7-bead at the tip of digit 3. (F–J)
Downregulation of L-Sox5 (F), Sox6 (G), Sox8 (H), Sox9 (I), and Sox10 (J) after the application of a Noggin-bead at the tip of digit 3. (K, L) Ectopic induction of
Sox8 (K) and Sox9 (L) after interdigital implantation of a TGF-bead and a Noggin bead (arrowheads indicate the position of the beads). (M) TUNEL assay in a
section of the interdigital tissue showing the apoptosis induced after the implantation of a BMP-7-bead (*). (N, O) Cartilage overgrowth caused by the implantation
of a BMP-7-bead at the tip of digit 3. (N) Whole-mount specimen stained with alcian green. (O) Tranverse section of the specimen showed in (N). Note the intense
growth of the treated digit (arrow) in contrast with the neighboring digit 4. (P, Q) Autopods vital stained with neutral red showing the inhibition of interdigital cell
death mediated by BMPs after local application of TGF1. (P) Neutral red staining showing the area of cell death induced by a BMP-7-bead implanted 3 h after
implantation of a bead incubated in PBS. (Q) Neutral red staining showing the reduced extension of cell death induced by a BMP-7-bead implanted 3 h after
implantation of a bead incubated in TGF1. Note that the inhibition of cell death mimics the domain of expression of Sox9 induced by TGF1 (see Fig. 2T).
Sox genes to the application of BMP-7 at the tip of the digits
were also explored. By this kinetic approach, we found that
Sox8, Sox9, and Sox 10 were upregulated by 1 h after the
treatment, while upregulation of L-Sox5 and Sox6 required
3 h.
In view of these dramatic effects of BMPs on the ex-
pression of Sox genes, we designed experiments to confirm
that the precocious induction of Sox9 and Sox8 in the ex-
perimentally induced cartilages was independent of BMP
signaling. For this purpose, a TGF-bead was implanted in
the interdigital mesoderm together with a Noggin bead. This
treatment delayed ectopic chondrogenesis and caused a sig-
nificant diminution in the size of the cartilage induced by
the TGF-beads (not shown). However, upregulation of
Sox9 and Sox8 was not affected up to 6 h after the implan-
tation of a TGF-bead and a Noggin bead (n  16; Fig. 4K
and L), indicating that the induction of these genes was
upstream of BMPs in the chondrogenic cascade.
Inhibition of BMP-mediated apoptosis preceding the
induction of interdigital chondrogenesis
Previously, we have observed that BMPs trigger apopto-
sis in the undifferentiated limb mesoderm, while in the
chondrogenic mesenchyme, they promote growth and dif-
ferentiation (Macias et al., 1997). In accordance with these
observations, BMP-beads implanted into the untreated in-
terdigital mesoderm caused massive apoptosis (Fig. 4M). In
contrast, the same treatment applied at the tip of the digits
caused cartilage overgrowth (Fig. 4N and O). Here, we have
attempted to establish the stage of cartilage differentiation
in which the apoptotic response of the mesodermal cells to
BMPs is inhibited. For this purpose, we analyzed the apo-
ptotic effect of BMP-beads in interdigits at different time
intervals following the implantation of a TGF1-bead. As
shown in Fig. 4P and Q, cell death induced by implantation
of a BMP-bead into the interdigital mesoderm (Fig. 4P) was
drastically reduced when the BMP-bead was implanted 3 or
more h after a previous treatment with TGF1 (9/10; Fig.
4Q). According to the kinetics of the induction of cartilage
genes, at this period only Sox8, Sox9, and Sox10 are ectopi-
cally expressed in the treated interdigits.
Discussion
Role of Sox8, Sox9, and Sox10 in the establishment of the
prechondrogenic aggregates
Here, we have analyzed the sequence of gene activation
during the initial stages of limb chondrogenesis. Our results
show that Sox9 and Sox8, together with Sox10 in the case of
the digits, are the most precocious markers of limb meso-
derm destined to form cartilage. Both in normal chondro-
genesis and during ectopic chondrogenesis, expression of
these genes occurs well before any morphologic or struc-
tural modification is detectable in the prechondrogenic me-
soderm. This finding fits with previous studies showing that
Sox9 is required for chondrogenesis (Bi et al., 1999;
Akiyama et al., 2002) and can induce the differentiation of
mesodermal cells into cartilage (Healy et al., 1999). Sox8,
Sox9, and Sox10 belong to the same subfamily (group E) of
the large Sox family and share a high degree of homology in
sequence and genomic organization (Schepers et al., 2000).
Their coexpression during limb chondrogenesis fits with the
proposed common evolutionary origin for these members of
the Sox family (Bowles et al., 2000). Furthermore, although
limb cartilages are not formed in total absence of Sox9
transcripts (Akiyama et al., 2002), it is likely that these Sox
genes share some functional redundancy in limb skeletal
development as mice deficient in Sox8 (Sock et al., 2001),
Sox10 (Britsch et al., 2001), and humans and mice haplo-
insufficient for Sox9 (Bi et al., 2001) develop all the appen-
dicular skeleton.
Sox genes and cartilage differentiation
Our sequential analysis of gene expression during ec-
topic chondrogenesis indicates that the activation of L-Sox5
and Sox6 occurs respectively 6 and 12 h later than Sox8,
Sox9, and Sox10. This finding is in agreement with the
absence of expression of Sox5 and Sox6 in limbs deficient
for Sox9 (Akiyama et al., 2002). Previously, it has been
shown that L-Sox5 cooperates with Sox6 and also with Sox9
in the control of type II Collagen and Aggrecan gene ex-
pression during cartilage differentiation (Bell et al., 1997;
Lefebvre et al., 1998; Ng et al., 1997; Sekiya et al., 2000; de
Crombrugghe et al., 2000; Smits et al., 2001). In accordance
with these observations, we have observed that L-Sox5 and
Sox6 are coexpressed with Sox9 in the developing cartilage.
Furthermore, the induction of Sox6 coincides with the acti-
vation of type II Collagen and Aggrecan genes and estab-
lishes the stage at which the chondrogenic condensation
becomes identifiable by transmission electron microscopy.
The more restricted expression of Sox8 and Sox10 in the
condensing tip of the digits suggests that these genes are
implicated mainly in the most initial stages of chondrogen-
esis. In this regard, it is remarkable that Sox8 is also ex-
pressed in the tendon blastemas. As for the cartilage, the
formation of the tendons involves an initial stage of cell
condensation (Ros et al., 1995).
BMP signaling and chondrogenesis
BMPs are currently considered as signals required for all
the steps of chondrogenic differentiation. In vivo, exoge-
nous administration of BMPs to adult animals is followed
by the formation of ectopic cartilages and bones (Urist,
1965; Reddi and Huggins, 1972). In vitro, BMPs are potent
promoters of chondrogenesis (Roark and Greer, 1994; Pi-
zette and Niswander, 2000; Francis-West et al., 1999). Fur-
thermore, inhibition of BMP-signaling by treatments with
299J. Chimal-Monroy et al. / Developmental Biology 257 (2003) 292–301
BMP antagonists or by misexpression of dominant negative
BMP receptors blocks chondrogenesis (Pizette and Niswan-
der, 2000; Zou et al., 1997). However, overexpression of
BMPs in the limb bud is followed by cartilage overgrowth
rather than by the formation of ectopic cartilages (Duprez et
al., 1996). Moreover, local application of BMPs into the
undifferentiated limb mesenchyme induces apoptosis rather
than chondrogenesis (Macias et al., 1997). According to
these observations, the mechanism and the stage of partic-
ipation of BMPs in chondrogenesis remain to be clarified.
In this study, we have monitored the activation of BMP
signaling during chondrogenesis by analyzing the expres-
sion of Bmpr1b because this receptor mediates the chon-
drogenic effect of BMPs during digit development (Yi et al.,
2000; Baur et al., 2000). In our experiments, the induction
of Bmpr1b preceded in 6 h the morphological identification
of the chondrogenic aggregate and the appearance of tran-
scripts of type II Collagen and Aggrecan. This pattern of
activation was compatible with a function of BMP signaling
both in the stage of condensation and in the stage of differ-
entiation of the chondrogenic aggregate.
Previously, it has been found that, in the developing
limb, BMPs upregulate Sox9 intensely in the prechondro-
genic aggregates, while local application of BMP antago-
nists downregulates its expression (Healy et al., 1999; Me-
rino et al., 1999; Pizette and Niswander, 2000). On the basis
of these results, it has been proposed that Sox9 is down-
stream BMPs (Healy et al., 1999). Here, we have confirmed
those findings for Sox9 and found a similar effect of BMPs
on the expression of L-Sox5, Sox6, Sox8, and Sox10 in the
developing digits. However, we have also observed that the
induction of Sox8, Sox9, and Sox10 precedes that of Bmpr1b
during ectopic chondrogenesis. Furthermore, Noggin-beads
coimplanted with the TGF-beads were unable to block the
induction of Sox8 and Sox9. Therefore, it must be concluded
that Sox8, Sox9, and Sox10 are upstream BMPs in the
chondrogenic cascade. The positive influence of BMPs on
Sox gene expression appears to be related with the function
of BMPs in the maintenance of the chondrogenic phenotype
(Enomoto-Iwamoto et al., 1998) rather than with the novo
induction of chondrogenesis.
An interesting finding of this study was that apoptosis
induced by BMPs in the interdigital mesoderm was in-
tensely reduced if the treatment was performed after a
previous application of TGF1. Since the reduction of ap-
optosis in this experiment correlates with the interdigital
upregulation of Sox genes, it is tempting to suggest that
apoptosis mediated by BMPs is abolished in prechondro-
genic cells expressing Sox genes. Although we cannot ex-
clude the involvement of other pathways in the inhibition of
apoptosis, our results are in full agreement with the dramatic
increase in cell death observed in limbs lacking Sox9
(Akiyama et al., 2002). Together, these findings may sup-
port a role of Sox genes in conferring competence to limb
mesodermal cells to differentiate into cartilage in response
to BMP signals. A comparable mechanism of cell fate
determination by Sox genes modulating the response to
BMPs has been observed in the developing neural plate
(Spokony et al., 2002).
A final additional finding of this study concerns the
control of BMP function by BMP antagonists. Noggin has
been proposed to be the BMP antagonist controlling the
function of BMPs in the early stages of chondrogenesis
(Merino et al., 1998; Capdevila and Johnson, 1998). In this
study, the pattern of expression of the BMP antagonist
Ventroptin (Sakuta et al., 2001) and its more precocious
induction during ectopic chondrogenesis makes it a better
candidate for the regulation of BMPs at the initial stages of
chondrogenesis.
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